Naturally arising IgM antibodies, which recognize neo-determinants on apoptotic cell (AC) membranes, are present from birth and can be further induced by AC challenge. Such naturally arising IgM antibodies can suppress proinflammatory responses to purified agonists for Toll-like receptors (TLRs), as well as block the induction of IgG immune complex-induced in vitro and in vivo pathogenic responses. To investigate the responsible mechanisms, we studied the regulatory effects of IgM anti-AC antibody on responses in bone marrow-derived dendritic cells mediated by a range of different TLRs and found that addition of IgM anti-AC inhibited the activation of the primary MAPKs: ERK1/2, JNK, and particularly p38. This was dependent on the recruitment of either C1q or mannose-binding lectin, which are both early complement factors that tag ACs for innate immune recognition. Strikingly, MAPK inhibition of responses to TLR agonists, and to lupus IgG autoantibody-chromatin immune complexes, was found to correlate with, and had an absolute requirement for, the induction and nuclear localization of MAPK phosphatase-1, a factor known to mediate glucocorticoid suppression of immune responses. Further experiments showed that natural IgM antibodies in serum exhibited the same inhibitory properties. These studies elucidate a novel homeostatic pathway by which natural antibodies, which are products of the adaptive immune system, can directly blunt inflammatory responses by recruitment and coordination of a primitive regulatory pathway of the innate immune system. apoptotic cell | autoimmunity | Dusp-1 | inflammation | MBL
Naturally arising IgM antibodies, which recognize neo-determinants on apoptotic cell (AC) membranes, are present from birth and can be further induced by AC challenge. Such naturally arising IgM antibodies can suppress proinflammatory responses to purified agonists for Toll-like receptors (TLRs), as well as block the induction of IgG immune complex-induced in vitro and in vivo pathogenic responses. To investigate the responsible mechanisms, we studied the regulatory effects of IgM anti-AC antibody on responses in bone marrow-derived dendritic cells mediated by a range of different TLRs and found that addition of IgM anti-AC inhibited the activation of the primary MAPKs: ERK1/2, JNK, and particularly p38. This was dependent on the recruitment of either C1q or mannose-binding lectin, which are both early complement factors that tag ACs for innate immune recognition. Strikingly, MAPK inhibition of responses to TLR agonists, and to lupus IgG autoantibody-chromatin immune complexes, was found to correlate with, and had an absolute requirement for, the induction and nuclear localization of MAPK phosphatase-1, a factor known to mediate glucocorticoid suppression of immune responses. Further experiments showed that natural IgM antibodies in serum exhibited the same inhibitory properties. These studies elucidate a novel homeostatic pathway by which natural antibodies, which are products of the adaptive immune system, can directly blunt inflammatory responses by recruitment and coordination of a primitive regulatory pathway of the innate immune system. apoptotic cell | autoimmunity | Dusp-1 | inflammation | MBL I nflammation represents a protective host response to foreign challenge or tissue injury that is ultimately beneficial. However, to limit and resolve inflammatory responses and maintain homeostasis, layered inhibitory mechanisms have arisen that are often intertwined with the recognition and clearance of damaged host cells. Indeed, recent findings suggest that innate phagocytic cell functions can be modulated by a class of naturally arising IgM antibodies (NAbs) (reviewed in ref. 1) , which are present from birth in humans and mice (2) . In the mouse, the major source of IgM-NAbs is the B-1 subset of mature B lymphocytes that express a repertoire believed initially selected by self-antigens and which includes recurring B-cell clones that enhance host defenses (3) . For example, murine strains express a B-1 clonotype, termed T15, defined by canonical Ig variable region rearrangements (4) , that binds phosphorylcholine (PC)-containing determinants (5) and targets certain microbial pathogens (reviewed in ref. 6) . Notably, PC determinants are also expressed on oxidatively modified lowdensity lipoprotein and in atherosclerotic plaques, and these altered self-antigens are likewise recognized by T15 clonotype antibodies (7) .
We previously postulated that the regulatory properties of certain anti-apoptotic cell (AC) NAbs are linked to the recognition of newly exposed oxidation-associated PC head groups on ACs, which on healthy cells are sequestered within the cell membrane and inaccessible to antibodies (8) . Intravenous immunization of ACs can induce much higher levels of IgM antibodies to PC and other oxidation-associated neo-determinants, such as malondialdehyde (MDA) (9) , which suggests that baseline levels of such IgM antibodies reflect physiologic immune responses to natural AC exposure. Indeed, over 100 billion cells die every day by apoptosis, and must be rapidly eliminated to prevent release of autoantigens and danger-associated signals that can mediate inflammatory responses.
AC clearance is believed to be primarily carried out by macrophages through a specialized process, termed "efferocytosis," which is enhanced by the addition of natural IgMs (10, 11) including those with anti-PC specificity (9, 12) . Immature dendritic cells (DCs) also have the capacity for efferocytosis and can reinforce immunologic tolerance by presenting self-antigens acquired through this process (13) . However, when fully activated, DCs serve as immune sentinels that trigger robust inflammatory responses (13) . Thus, it is critical to maintain these antigenpresenting cells in an inactivated state. AC membranes can also block inflammatory responses by cell-cell contact mechanisms that do not have an absolute requirement for phagocytic uptake (14) .
In recent studies we have shown that natural IgM can suppress inflammatory responses mediated by Toll-like receptors (TLRs) (9, 12) , which are important sensors of pathogen-associated molecular patterns that activate innate and adaptive immunity (15) . Such anti-AC NAbs also have a direct inhibitory effect on inflammatory responses induced in vitro by lupus-associated IgG-nucleic acid immune complexes (16) . In addition, infusions of AC-reactive IgM markedly reduced clinical disease activity and synovial leukocytic infiltrates in the collagen-induced arthritis model (9) and in responses to pathogenic anticollagen IgG autoantibodies (9) . Therefore, anti-AC NAbs facilitate efficient clearance of ACs and the inhibition of activation of phagocytes.
Here, we examine the mechanisms by which IgM-NAbs to ACs can broadly suppress inflammatory responses in DCs and document the efficient inhibition of the MAPK system. The magnitude and duration of MAPK signaling is dependent on the balance between upstream activators and deactivation by phosphatases. We found that the blockade of TLR-mediated MAPK signaling mediated by anti-AC IgM had an absolute requirement for the early up-regulated expression of MAPK phosphatase-1 [MKP-1, also known as dual specificity phosphatase-1 (DUSP-1)], a prototypic counter-regulatory factor for the primary MAPKs (reviewed in ref. 17) . These studies elucidate a MKP-1-dependent pathway by which NAbs inhibit innate inflammatory responses.
Results
NAb to ACs Inhibits LPS-Induced MAPK Activation and Up-Regulates MKP-1. To begin to define the cellular mechanism of NAb-mediated inhibition of LPS stimulation, we evaluated the effects of anti-AC IgM on downstream MAPK signaling events in bone marrow-derived (BM) DCs. As previously documented, there are always sufficient amounts of apoptotic DCs in these cultures, making it unnecessary to add exogenous ACs (9) . We initially confirmed that LPS stimulation of DCs induced phosphorylation of all primary MAPKs-p38, JNK, and ERK1/2, as well as ELK-1, a downstream nuclear transcription factor (Fig. 1A) . Addition of the T15 anti-AC IgM in the presence of C1q, however, inhibited LPS-induced activation of these MAPKs and ELK-1. This activation pattern was unaffected by the addition of C1q alone or a control IgM that does not bind ACs. Furthermore, the inhibitory effect of the anti-AC IgM appeared to be specific for the MAPK pathway and, for example, had no effect on IFN-induced Janus-activated kinase activation (Fig. S1 ). As this anti-AC IgM can recruit several-fold higher levels of C1q onto ACs (9), these findings suggested that, in a setting of TLRinduced stimulation, anti-AC IgM antibody and C1q cooperatively down-modulate the inflammatory MAPK-signaling pathway.
Due to its known regulatory role in TLR signaling (18), we next examined the expression of MKP-1. Confirming an earlier report (19) , MKP-1 protein was only modestly induced by LPS at early time points ( Fig. 2A ), whereas at much later time points (i.e., 180 min) higher levels were associated with late negative feedback resolution of MAPK activation (20) . In striking contrast, the addition of anti-AC IgM and C1q induced high levels of MKP-1 at early time points, peaking at ∼30 min (Figs. 1A and 2A) .
Upon further investigation, we found that costimulation using LPS and anti-AC antibody resulted in rapid early induction of MKP-1 transcripts with similar kinetics as protein expression (Fig. 1 ). This was highly selective as transcripts for MKP-5 (DUSP10), a related family member, and TLR4 were unaffected (Fig. 1B) . Anti-AC IgM costimulation inhibited LPS-mediated induction of TNF-α and IL-10, as previously reported (12) , and although TGF-β transcripts were not altered (Fig. 1B) , levels of activated TGF-β protein were decreased (Fig. 1C) . These findings suggested that anti-AC IgM inhibition of LPS stimulation is mediated by MKP-1 without involvement of IL-10 or TGF-β.
TLRs and Complement in NAb-Mediated MKP-1 Induction and p38
Inhibition. To extend our findings to other TLRs, we used intracellular flow cytometry assays to identify individual cell changes in levels of P-p38 and MKP-1. After validating this approach using TLR4 (LPS) stimulation ( Fig. 2 and Fig. S2 ), we examined MKP-1 responses for several other TLRs, including TLR9 (CpG), TLR3 [poly(I:C)], and TLR7 (imiquimod). In all instances, significant NAb-mediated inhibition was documented similar to what was observed for TLR4 (LPS) (Fig. 2 A and B) . Furthermore, we could demonstrate a dose-response relationship for modulation of responses to the TLR agonists, as increasing concentrations of IgM anti-AC were associated with greater MKP-1 levels and less p38 activation (Fig. S3) .
We next studied the contribution of the early complement recognition components, C1q and mannose-binding lectin (MBL), which themselves can enhance AC phagocytosis and play immunomodulatory roles (21) . In flow cytometry assays, however, the addition of either MBL or C1q alone to LPS-stimulated DC cultures did not significantly affect P-p38 activation or translocation (Fig. 2C) . In contrast, when combined with anti-AC IgM, the addition of MBL significantly reduced intracellular P-p38 kinase levels (P = 0.005), and the addition of C1q induced slightly more inhibition (P = 0.003), whereas the addition of both MBL and C1q resulted in even further reduction (P = 0.0001; Fig. 2C ). A similar pattern of MKP-1 induction was also observed with the addition of MBL, C1q, or both (P = 0.008, P = 0.003, P < 0.0001, respectively; Fig. 2C ). These findings support the dependence of this central signaling pathway on C1q or MBL.
Antigen-Specific Inhibition of Anti-AC IgM-Mediated Effects on MKP-1
Signaling. The anti-AC antibody used in our studies was shown to bind PC-antigenic determinants exposed on ACs (7). To establish that the anti-AC IgM effects on signaling pathways were mediated by this antigen-specific interaction, LPS stimulation studies were performed at concentrations of anti-AC IgM that could be inhibited by soluble antigen (Fig. 2D) . When PC-albumin was added, a concentration-dependent inhibition of anti-AC IgMmediated MKP-1 was observed that plateaued at ∼40 μg/mL whereas no inhibition was obtained with control ligands (Fig. 2D) . Hence, these data supported the hypothesis that the effects of this IgM antibody on MAPK signaling and MKP-1 are directly linked to the recognition of PC determinants.
Regulatory NAb Affects Spatiotemporal Localization of Primary
MAPKs and MKP-1. Phosphorylation of specific residues on primary MAPKs activates the kinases and induces translocation to nuclear sites where gene transcription is regulated (22) . Accordingly, immunofluorescence studies confirmed that LPS stimulation of DCs dramatically increased both phosphorylation of p38 kinase and nuclear localization (Fig. 3) . Strikingly, the addition of anti-AC IgM antibody and C1q, MBL, or C1q plus MBL significantly inhibited these changes in P-p38 concordant with the induction of elevated MKP-1 in the nuclei (Fig. 3) . Again, MKP-1 levels were highest with the addition of both C1q and MBL (Fig. 3) . By contrast, similar cocultures of LPS-stimulated DCs with anti-AC NAb, but without complement recognition molecules, had no inhibitory effect (Fig. 3) . These findings were confirmed in quantitative immunofluorescence surveys of larger numbers of cells (Fig. S4) . Anti-AC IgM in the presence of complement also significantly inhibited TLR-mediated nuclear accumulation of P-ERK1/2 and P-JNK (Fig. S4) . Importantly, inhibition of antichromatin IgG immune complex-induced DC activation by anti-AC IgM/complement factor also correlated with MKP-1 induction (Fig. S5 ) and, as previously reported, with the inhibition of P-p38 (16) .
On the basis of earlier reports showing that anti-inflammatory corticosteroids induce sustained expression of MKP-1 (23), we investigated the effects of the potent glucocorticoid dexamethasone on DC costimulation. Our studies confirmed that LPS plus dexamethasone also induced higher levels and promoted nuclear localization of MKP-1, as well as reduced levels of p38 phosphorylation ( Fig. 3; Fig. S6 ). Interestingly, we found that coexposure of LPS-stimulated DCs to glucocorticoid and anti-AC IgM antibody additively both increased MKP-1 levels and inhibited MAPK cascade activation (Fig. S6) . Taken together, these findings demonstrated that, akin to the effects of dexamethasone, anti-AC in the presence of C1q and MBL increases levels of nuclear MKP-1 and blocks TLR-induced nuclear localization of the activated forms of primary MAPKs.
Serum Antibodies to AC-Associated Determinants Modulate TLR
Responses. Anti-AC B-cells and antibodies expressing the T15 clonotype are highly represented even in the neonatal repertoire (24) . To determine the activity of such serum NAbs on cell signaling, we compared the effects of sera from either immunocompetent or Ig-deficient muMT mice (Fig. 4 and Fig. S7 ). Similar to anti-AC IgM, both normal neonatal and adult sera demonstrated a dose-dependent inhibition of LPS-induced intracellular-activated P-p38 concordant with induction of MKP-1 levels, which reached a plateau at ∼7.5% (vol/vol) of sera ( Fig. 4A  and Fig. S7B ). Sera from mice previously treated with infusions of ACs, which specifically raise levels of anti-AC IgM (9), displayed further induction of MKP-1 and reduction of P-p38 (Fig. S7) . In contrast, sera from muMT mice had no effect.
To document that these effects were specifically mediated by serum IgM, we passed sera over anti-IgM Sepharose-conjugated columns before testing. IgM depletion reduced the P-p38 suppression observed with unfractionated sera (20% vol/vol) by 85 ± 6%, and the induction of MKP-1 was correspondingly reduced by 90 ± 3%. In contrast, addition of IgG-depleted neonatal sera minimally altered suppression of P-p38 induction (∼8% less), or the induction of MKP-1 (∼11% less) at the peak of response, compared with unfractionated neonatal sera or sera passed through a control Sepharose column.
In additional antigen-inhibition studies, we found that preincubation with either PC-albumin or MDA-albumin, but not with the control 4HNE-albumin, diminished NAb-mediated suppression and that coincubation with both PC-and MDAalbumin had an additive effect (Fig. 4 and Fig. S7B ). Taken together, these findings suggested that IgM NAbs in sera are the predominant factors responsible for the observed modulation of inflammatory signaling pathways in DCs and that both PC-and MDA-reactive NAbs have this capacity.
MKP-1 Is Essential for Anti-AC IgM-Mediated Suppression of Inflammatory Responses.
To investigate the relative contribution of MKP-1 to NAb-mediated suppression, we compared responses of DCs from wild-type or MKP-1-deficient mice. Such MKP-1-deficient mice are reported to exhibit overexuberant inflammatory responses, but no other immune developmental abnormalities (25, 26) . Accordingly, MKP-1-deficient DCs demonstrated a slight elevation in baseline levels of P-p38 and a significant delay in the resolution of LPS responses at 120 min, but overall kinetics following stimulation with LPS were similar to wild-type DCs (Fig. 5A) . Strikingly, the inhibitory effect of anti-AC IgM on P-p38 induction was essentially absent in MKP-1-deficient DCs, representing a ∼90% impairment (Fig. 5A and Fig. S8A ). Immunofluorescence studies also showed a minimal increase in the expression and nuclear localization of P-p38 in MKP-1-deficient DCs after costimulation with LPS and anti-AC IgM (Fig. 3 and Fig. S8 ). Interestingly, dexamethasone inhibition of LPS induction of Pp38 was also reduced ∼50% in MKP-1-deficient DCs (Fig. 5A) .
We also examined the effects of MKP-1 deficiency on induced cytokine responses. Compared with poly(I:C) or CpG alone, the addition of C1q and anti-AC IgM but not isotype control, significantly inhibited IL-6 cytokine production in DCs from wild-type or MKP-3 (DUSP6) knockout mice. By contrast, MKP-1-deficient DCs had complete loss of this anti-AC IgM-mediated inhibition (Fig. 5B) . In additional studies in MKP-1-deficient DCs, even high concentrations of anti-AC IgM (i.e., 60 μg/mL) failed to inhibit imiquimod or LPS induction of IL-6 or IL-12p70 (Fig. S8) . Dexamethasone also inhibited TLR-stimulated cytokine production in DCs from control mice, consistent with reports in other cell types (27) , but, similar to its effect on P-p38, here inhibition was only partially dependent on MKP-1 (Fig. 5 ). These findings demonstrate the central role of MKP-1 in natural antibody-mediated suppression of TLR-mediated responses in DCs.
Discussion
Here we show that anti-AC IgM inhibits TLR activation of DCs by limiting the activation of the primary MAPKs that have been implicated in many pathologic inflammatory responses. We further observed that this NAb-induced inhibition is applicable to diverse TLRs, including TLR3, -4, -7, and -9. This NAb-mediated suppression requires C1q or MBL, and these functional properties are representative of the anti-inflammatory influences of circulating natural IgM antibodies. We did not find essential roles for the anti-inflammatory factors IL-10 and TGF-β. Importantly, this NAb-mediated process inhibits TLR signaling, thereby suppressing the potent activating effects of DNA, RNA, and other endogenous cellular TLR ligands present in ACs.
The most striking finding was that the regulatory influence of anti-AC IgM had an absolute requirement for MKP-1. MKP-1 is well known for its many counter-regulatory roles, which include the late negative feedback of responses to LPS stimulation, the blunting of responses after rapid re-exposure to a TLR agonist such as LPS tolerance (reviewed in ref. 17) , as well as contributing to the anti-inflammatory properties of glucocorticoids (23) . Accordingly, the anti-AC NAb induced earlier and enhanced expression of MKP-1 after TLR engagement, which appeared to effectively attenuate MAPK phosphorylation, such that the full activation and nuclear accumulation of the primary MAPKs were then never attained. This increase in MKP-1 protein level, which was associated with anti-AC IgM exposure, also correlated with the induction of higher levels of MKP-1 transcripts. Other studies have reported that the regulation of MKP-1 can be mediated through increased transcript half-life and ribosomal stabilization (28) . However, the regulation of MKP-1 can also be affected by posttranslational modifications, by phosphorylation (29) , or by acetylation that may increase phosphatase activity (30) , each of which could be relevant to the current findings. Our studies also documented an additive effect of anti-AC IgM NAb and dexamethasone for early MKP-1 induction and inhibition of LPSinduced p38 MAPK activation that, when combined, exceeded the maximum effects of either agent alone. In part, this is likely explained by the additive integration of separate signals received via distinct cell membrane-associated receptors triggered by dexamethasone (i.e., glucocorticoid receptor) or by anti-AC IgM complexes (discussed below). As glucocorticoids are among the most widely prescribed treatments for inflammatory and autoimmune diseases, it is indeed intriguing that actively inhibitory signal transduction pathways of glucocorticoids are also evoked by complexes coordinated by IgM autoantibodies to oxidationassociated neo-determinants.
Our studies therefore characterize a previously unknown NAb regulatory pathway, which integrates and coordinates the influence of innate immune factors, which are much more ancient than immunoglobulins, on myeloid cell function. Indeed, orthologs of TLR were first characterized in insects (31) , and the MAPKsignaling system may represent one of the earliest evolutionarily conserved pathways of immunity, being present in plants and Fig. 3 . Anti-AC IgM requires C1q and/or MBL for induction of nuclear MKP-1 and inhibition of nuclear localized P-p38 in LPS-stimulated DCs. Immunofluorescence studies for MKP-1 and P-p38 were performed on LPSstimulated DCs cultured in serum-free media for 30 min under the indicated conditions. Staining used mouse anti-P-p38-Alexa488, rabbit anti-MKP-1 counterstained with anti-rabbit IgG-PE, and Hoechst dye. Data are representative of six or more independent experiments. Fig. 4 . Natural IgM antibodies with PC and MDA specificities in sera induce MKP-1 and inhibit P-p38 in LPS-stimulated BM-DCs. (A) Sera from neonatal mice inhibit P-p38 and induce MKP-1 in LPS-stimulated DCs. Coculture of LPSstimulated DCs in serum-free media with C1q (80 μg/mL) for 30 min without or with the addition of titrated percentages of sera (% vol/vol) from 3-wkold C57BL/6 neonates. (B) PC and MDA specificities in neonatal sera promote induction of MKP-1 and inhibition of P-p38. DCs in serum-free media were cultured for 30 min under indicated conditions. Replicates included serum (20%), after incubation for 1 h at 4°C with PC-BSA, MDA-BSA, or 4HNE-BSA at 50 μg/mL or with T15-IgM, isotype control (20 μg/mL), or C1q (80 μg/mL). Intracellular flow cytometric mean fluorescence intensity (MFI) values are depicted for individual replicate cultures (n = 3). Error bars indicate SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mammals (32) . Likewise, MKP-1 orthologs have also been described in protozoans (33) , and in mice MKP-1 deficiency is associated with severe defects in the control of innate responses (34) and exacerbation of collagen-induced arthritis (26) .
Fundamental to the inhibitory effects of regulatory NAbs, polymeric IgMs express both multiple sites for C1q interaction and high mannose glycoconjugates that bind MBL (35) , which can greatly enhance the recruitment of C1q and MBL to AC complexes (9, 12) , but these do not bind activating FcRs. Mice deficient in C1q, MBL, or secreted IgM have impaired control of inflammatory responses and, in some cases, autoimmune predisposition (36) (37) (38) (39) . The regulatory inhibitory signaling properties of the anti-AC IgM were shown to be dependent on the presence of C1q or MBL, two soluble macromolecules of the innate immune system that share a common primordial genetic ancestor (40) . When deposited on the surface of an AC, these represent "eat me" signals that enhance apoptotic clearance (41); however, we found that by themselves these recognition molecules demonstrated no significant activity in our assays. Furthermore, we have previously shown that the complement-dependent immunomodulatory properties of anti-AC do not have an absolute requirement for downstream activation of the complement cascade (12) . Yet, a number of candidate receptors for C1q and MBL themselves have been implicated in innate immune cell interactions (21) , and determining whether IgM recruited C1q/MBL on the AC can interact with one or more of these receptors will be investigated in the future.
We postulate that the herein described NAb anti-inflammatory regulatory pathway provides advantages for the control of excess and chronic inflammatory responses that could otherwise result in tissue injury, including those from pathologic autoimmune responses. Any condition that leads to an increased burden of ACs may then induce a focused B-cell response and production of higher anti-AC IgM levels, which then act to re-establish a homeostatic balance. Indeed, an increase in the production, or an impairment of phagocytic clearance, of ACs is a common component of many chronic inflammatory conditions, including murine models of accelerated atherogenesis in which anti-AC natural antibodies have been implicated in protective responses (42, 43) . With the current elucidation of a direct anti-inflammatory effect of this type of natural antibody, our studies provide a plausible explanation for the recent finding that high levels of PCspecific IgM in humans correlate with protection from myocardial infarction and stroke in at-risk clinical populations (44, 45) . In addition, as nucleic acid-containing immune complexes are postulated to contribute to the pathogenesis of autoimmune diseases, such as systemic lupus erythematosus (SLE), our findings that these responses are modulated by anti-AC IgM may explain recent evidence from surveys of SLE patients that higher anti-AC NAb levels correlated with lower disease activity and organ injury (44) . The cellular source of these protective IgM antibodies may have been conserved during immune evolution, as IgM anti-PC antibodies have recently been reported to also be predominantly produced by human B-1 cells (46) .
In conclusion, our findings therefore provide a molecular rationalization for the mechanism by which anti-AC natural antibodies can trigger an inhibitory pathway that can dampen pathogenic inflammatory responses that include TLR responses. On the basis of the cumulative data, this natural-antibody system appears to act at a fundamental choke point in the MAPK system that also contributes to resetting and normalization of innate responses. We speculate that this results from the organization by the IgM-NAb of a complex synapse on phagocytes involving cell membrane receptors for ACs and for MBL/C1q, integrins, and, potentially, other molecules (Fig. 6) (discussed in ref. 8 ). Taken together, our studies therefore provide evidence that anti-AC IgM, which is a prominent component from the primitive B-1 repertoire within the adaptive immune system (2), has the capacity to co-opt and amplify counter-regulatory pathways that control the much more ancient MAPK system. This regulatory naturalantibody system may also provide therapeutic opportunities for the treatment of a broad range of common diseases.
Materials and Methods
Antibodies and Complement. T15-IgM (from the EO6 hybridoma) (42) and the IgM isotype control have previously been described (9, 12) . Purified IgMs Fig. 5 . MKP-1 is required for anti-AC IgM-mediated inhibition of TLR signaling and inflammatory cytokine production. (A) Intracellular flow cytometric studies of the kinetics of LPS-induced P-p38 induction in wild-type (Left) and MKP-1-deficient DCs (Right). Standard conditions were used, as indicated in Fig.  2. (B) IL-6 production after 48 h in cultures without or with poly(I:C) (Left) or CpG DNA (Right) of wild-type, MKP-1, and MKP-3-deficient DCs in serum-free media under indicated conditions (n = 3). Error bars indicate SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. Fig. 6 . Model of anti-AC IgM-mediated suppression of TLR responses. IgM antibodies to determinants on ACs recognize and form complexes with ACs (or AC microparticles), which recruit high levels of C1q and MBL. This ACimmune complex forms an interaction with DCs that may involve integrins, receptors for C1q and MBL, and other AC receptors. In quiescent DCs, these complexes may result in little or no effects on MAPK signaling. However, in the context of stimulation by agonists for endosomal (TLR3, -7, and -9) or membrane-associated (TLR4) innate immune receptors, there is an integration of signals with those from NAb-MBL/C1q-AC complexes that result in high nuclear expression of the anti-inflammatory phosphatase MKP-1. This pathway contributes to inhibition of the activation and nuclear localization of the primary MAP kinases and their downstream proinflammatory substrates.
were documented to be low or undetectable for endotoxin (<0.5 EU/mg), and aliquots were stored at −80°C. Purified C1q was from Quidel and MBL from S. Thiel (University of Aarhus, Aarhus, Denmark).
Mice. Age and sex-matched adult C57BL/6, congenic B-cell-deficient muMT mice were provided by the Jackson Laboratory, and MKP- Immunoblot. BM-DC (SI Materials and Methods) lysates were prepared in RIPA buffer with proteinase inhibitor and phosphatase inhibitor mixture (Roche), run on 4-12% precast gels (Invitrogen), and transferred onto PVDF membrane (Invitrogen).
Intracellular Flow Cytometry Studies. BM-DCs were cultured in replicates (SI Materials and Methods). After cell stimulation, the cells were centrifuged and resuspended in Cytofix/Cytoperm solution (Becton Dickinson), followed by PermWash solution (Becton Dickinson) as per manufacturer's protocol. Cells were stained for P-p38, MKP-1 and costained with anti-MHCII to identify high-TLR-responsive cells as described (16) . Statistical analysis used the two-tailed t test using Welsh correction when appropriate; P < 0.05 was considered significant (Instat; GraphPad).
Studies were repeated 3-12 times. Additional information is in SI Materials and Methods.
